Study Design. A retrospective case-control study.
S yringomyelia is a rare spinal disease characterized by the presence of longitudinally disposed cavities commonly located in the cervical area of the spinal cord. 1 It has long been observed that patients with syringomyelia could have concomitant scoliosis, which has been increasingly reported in literatures concerning its etiopathology and treatment. 2, 3 Patients with syringomyelia-associated scoliosis can present with various neurologic deficits that are always absent in patients with idiopathic scoliosis. 4 Currently, with the development of magnetic resonance (MR) imaging, syringomyelia could be easily diagnosed thereby favoring the differentiation between syringomyelia-associated scoliosis and idiopathic scoliosis. Besides, early age of onset, male sex, left side thoracic curve, as well as neurologic signs and symptoms are also significant features reminding the surgeon of the potential existence of a syrinx. [5] [6] [7] Generally, shunting of the syringomyelia serves as the primary treatment of the syringomyelia, which has been reported to effectively stabilize or improve the related neurologic symptoms. 8, 9 As for scoliotic curvature secondary to syringomyelia, a correction surgery is commonly recommended to the patient when obvious curve progression is observed. In recent years, posterior pedicle screw instrumentation has been widely used for the correction of scoliosis, which allows strong holding force and powerful vertebral body derotation. 10, 11 Aiming to fuse the smallest number of spinal segments while obtaining an optimal restoration of coronal and sagittal alignments, selective thoracic fusion technique was introduced to treat idiopathic scoliosis patients with major thoracic curve, which has been confirmed to yield promising surgical outcome by various studies. [12] [13] [14] [15] Ideally, the unfused lumbar curve after selective thoracic fusion will spontaneously accommodate to the corrected thoracic curve; thus, achieving the goal to restore a balanced spine with the fusion segments centered over the pelvis. Theoretically, such therapeutic philosophy could be applied to patients with syringomyelia with major thoracic curve, leaving the lumbar spine in these patients unfused and preserving its motional ability. On the contrary, however, selective thoracic fusion in syringomyelia-associated scoliosis patients can probably provide distinct surgical outcomes because the compensatory lumbar curves in patients with syringomyelia tend to be more rigid and less flexible than those in patients with IS. To our knowledge, there is no previous study that specifically addresses the effectiveness of selective thoracic fusion in patients with syringomyelia-associated scoliosis. In our clinical practice, we have performed selective thoracic fusion in a group of patients with syringomyelia-associated scoliosis. With a minimum 2-year follow-up, the radiographic results and clinical outcomes of these patients were investigated and compared with another group of patients with adolescent idiopathic scoliosis (AIS) with the same curve pattern. The purpose of this study is to present a case-control comparison of selective thoracic fusion technique between patients with syringomyelia-associated scoliosis and patients with idiopathic scoliosis.
MATERIALS AND METHODS

Subjects
Under the approval of local institutional review board, two groups of scoliosis patients who underwent posterior spinal fusion surgeries with pedicle screw-only constructs from May 2006 to February 2012 were reviewed. Group A was composed of 52 patients with syringomyelia-associated scoliosis. The inclusion criteria were as follows: (1) aged from 14 to 18 years at surgeries; (2) having major thoracic curve with a lumbar curve type comparable to lumbar modifier A or B of AIS; (3) undergoing selective thoracic fusion ending at L1 vertebra; and (4) having a minimum 2-year follow-up. Patients with hydrocephalus, myelomeningocele, traumatic spinal cord injury, or congenital vertebra deformities were excluded from the study. Specifically, patients with syringomyelia-associated scoliosis were firstly evaluated by a neurological surgeon to decide whether surgical procedures were needed to treat neurological abnormality and reduce the risk of postoperative neurological complications. For patients receiving neurosurgeries, correction surgeries for scoliosis would be performed in 6 months.
A total of 52 age-matched patients with AIS were assigned to group B as control. Having a comparable curve pattern with that of group A, all the patient of group B underwent selective thoracic fusion with a minimum 2-year follow-up. Specifically, lumbar modifier A curve was defined as the center sacral vertical line (CSVL) passes between the pedicles of each vertebra from the sacrum up to the stable vertebra. And lumbar modifier B curve was defined as the CSVL goes through the apex of the lumbar curve between the medial border of the lumbar concave pedicle and the concave lateral margin of the apical vertebral body or bodies (if the apex was a disc).
Radiological Measurements
Radiographic parameters including thoracic and lumbar Cobb angles, apical vertebral translation (AVT), trunk shift, thoracic kyphosis (TK), lumbar lordosis (LL), and sagittal vertical axis (SVA) were measured on the preoperative, 1-week postoperative, and 2-year postoperative standing posteroanterior and lateral radiographs, respectively. AVT was defined as the distance from the midpoint of the thoracic apical vertebra to the C7 plumb line in the thoracic spine. Trunk shift was determined by measuring the horizontal distance from a vertical line extended from the center of the C7 vertebral body relative to the CSVL. A patient was considered to have coronal decompensation if there was a more than 20 mm shift to the C7 plumb line regarding the CSVL. TK was evaluated by the angle between the upper endplate of T5 and the lower endplate of T12. LL was assessed by the Cobb angle between the two lines through the superior endplate of T12 and S1, respectively. The angle was positive when the curve was kyphotic and negative when the curve was lordotic. SVA was defined as the distance between the C7 plumb line and the posterior superior corner of S1, which has a positive value when the vertical plumb line lies anterior to posterior superior corner of S1. With the lateral bending radiographs taken before surgery, the curve flexibility was calculated according to the following formula: The percentage of flexibility ¼ (preoperative Cobb anglebending Cobb angle)/preoperative Cobb angle Â 100%. 16 Besides, the type of syrinx was classified into three types: central, enlarged, and deviated, based on the axial MR imaging findings at the level in which the size of the syrinx was maximum. 17 Chiari I malformation was defined as tonsillar herniation of at least 5 mm below the foramen magnum on the MR images. 18 
Evaluation of Quality of Life
Patients with syringomyelia-associated scoliosis were all required to complete the SRS-22 questionnaires before surgery and at the 2-year follow-up, respectively. The SRS-22 covers five domains including function/activity, pain, self-perceived image, satisfaction with treatment, and mental health. Questions of each domain have five verbal response alternatives ranging from 1 to 5, with a value of 5 indicating the best outcome. Results of SRS-22 questionnaires are expressed using the mean value for each domain, as calculated by dividing total sum of the domain with the number of items answered.
Statistical Analysis
The SPSS 16.0 software was used to carry out the statistical analysis. For patients in group A, the radiographic measurements at different time-points including preoperatively, postoperatively, and the last follow-up were compared to determine intragroup differences by using the one-way ANOVA test. Significant outcomes were further compared by a Fisher least-significant-difference test. Specifically, the comparison of the SRS-22 questionnaire scores between preoperatively and the last follow-up were performed with the Student t test. As for the intergroup comparison between group A and group B, the Student t test was used to analyze the differences in terms of baseline characteristics and radiographic measurements before surgery and at the last follow-up. respectively. Comparisons of categorical variables were calculated by the chisquare test. A P value of less than 0.05 was set as statistical significance.
RESULTS Preoperative Characteristics
Baseline characteristics of patients in both groups are summarized in Table 1 . Group A was composed of 30 women and 22 men with syringomyelia-associated scoliosis, of whom there were 21 left thoracic curvatures and 31 right thoracic curvatures. Among these patients, 36 were found to have concomitant Chiari I malformation, the remaining 16 patients were found to have localized dilatation of the central canal with no evidence of present or prior Chiari malformation, trauma, infection, tumor, or other predisposing pathologic conditions. Overall, 32 patients reported abnormal abdominal reflex, 8 patients had thoracic or back pain, and 2 patients complained of severe headache. Prior to the correction surgery for scoliosis, 36 patients underwent posterior fossa decompression surgeries and 18 patients received shunting of syrinx procedures, all reporting the relief of neurological deficits at 6 months after neurosurgeries. According to the classification of syrinx, a centraltype syrinx was found in 5 patients (9.6%), an enlargedtype syrinx in 31 patients (59.6%), and a deviated-type syrinx in 16 patients (30.8%). Besides, most of the syrinxes were located in the cervical or cervicothoracic regions (84.6%). As shown in Table 1 , the two groups are matched in terms of age, sex, number of fusion levels, and duration of follow-up.
Preoperative radiographic measurements of the two groups are summarized in Table 2 . For patients with syringomyelia-associated scoliosis, the mean preoperative Cobb angle of thoracic curve was 51.2 AE 9.28 with a mean flexibility of 44.6 AE 15.3%. And the mean preoperative Cobb angle of lumbar curve was 28.6 AE 5.38 with a mean flexibility of 74.6 AE 12.5%. As shown in Table 2 , all preoperative radiographic measurements except for TK were comparable between the two groups. The results of intragroup comparison for patients with syringomyelia-associated scoliosis are summarized in Table 3 . It was observed that Cobb angles, AVT of both the thoracic and the lumbar curve, and TK were significantly decreased after surgery, and they were well maintained until the last follow-up. As for LL, SVA and C7PL-CSVL, no significant difference was found. Besides, as shown in Table 4 , the mean postoperative self-image score of SRS-22 questionnaire is significantly higher than that before surgery (4.5 AE 0.71 vs. 3.6 AE 0.63, P < 0.001), indicating that the cosmetic appearances of the patient were obviously improved through correction surgery. As for other domains including pain, general function, and mental health, there were no significant differences between preoperatively and the last follow-up.
Intergroup Comparison of Surgical Outcomes
The results of intergroup comparison of surgical outcomes between the two groups are summarized in Table 5 . Radiographic measurements at the final follow-up revealed a comparable correction rate of the thoracic curve in both groups (58.8 AE 10.2% vs. 61.3 AE 8.7%, P ¼ 0.25). Moreover, a similar improvement of lumbar curve was also noted between the two groups (62.4 AE 7.3% vs. 64.9 AE 6.9%, P ¼ 0.33). The mean correction loss of patients with syringomyelia-associated scoliosis was comparable to those of patients with AIS. Other radiographic measurements, including TK, LL, trunk shift, and sagittal balance as indicated by SVA, were not significantly different between the two groups either.
DISCUSSION
Syringomyelia-associated scoliosis is an unusual form of neuromuscular scoliosis. 19 The incidence of associated scoliosis in syringomyelia patients was reported to range from 25% to 85% in earlier literatures. 20 Patients with syringomyelia-associated scoliosis are commonly recommended to undergo surgical intervention when having curves larger than 508 or significant curve progression. 21, 22 Surgical treatment for scoliosis primarily aims to correct the deformity and maintain the body balance, meanwhile saving the most number of motion segments. For patients with major thoracic curve, selective thoracic fusion serves as an efficient surgical strategy that has been proved to produce a satisfying surgical outcome in patients with IS. [12] [13] [14] [15] Although harboring an underlying neurological etiology for the spinal deformity, patients with syringomyelia-associated scoliosis can theoretically be treated with similar surgical strategies as applied to idiopathic scoliosis when having ''idiopathiclike'' curvature. Maiocco et al 23 reviewed two cases of scoliosis secondary to syringomyelia who were treated with PSF, but there was no report of patients' postoperative outcome in their study. Bradley et al 22 reported a correction rate of 48% in 13 syringomyelia patients whose spinal deformity were corrected according to idiopathic criteria. Yet, they proposed to fuse an increased number of vertebrae when planning surgery for scoliosis secondary to syringomyelia, considering that the spinal deformity can probably progress more rapidly in such patients than in patients with IS. To sum up, there is still a lack of consensus on whether patients with syringomyelia-associated scoliosis could be corrected with selective thoracic fusion. A well-designed case-control study is therefore warranted to address this issue. 20 In the current study, the effectiveness of selective thoracic fusion in patients with syringomyelia-associated scoliosis was investigated through comparison with another group of patients with AIS receiving the same surgical strategy. To our knowledge, this is the first clinical study investigating the feasibility of applying selective thoracic fusion to the correction of idiopathic-like scoliosis secondary to syringomyelia. The correction rate of thoracic curve and lumbar curve in syringomyelia patients was found comparable to that of the patient with AIS in the control group. At the final follow-up, the correction rate of patients with syringomyelia-associated scoliosis was averagely 58.8% for thoracic curve. Meanwhile, spontaneous correction of the compensatory lumbar curve was observed with an average rate of 62.4%. With respect to correct loss, the rate was 2.3% for thoracic curve and 1.2% for lumbar curve, respectively. In addition to above radiographic measurements, cosmetic appearances of the patients were also remarkably improved through surgeries. Overall, these findings indicated that selective thoracic fusion could produce a favorable surgical outcome in patients with syringomyelia-associated scoliosis.
Previous studies have shown that surgical correction of scoliosis can yield significantly higher risk in patients with neurologic etiologies than in those with idiopathic etiologies. [20] [21] [22] For patients with syringomyelia-associated scoliosis, changes in the cerebrospinal fluid pressures and increased traction on an already damaged neural tissue were proposed to be associated with an increased risk of neurological complications after scoliosis surgery. 24 Tomlinson et al 25 reported one case of syringomyelia patient who developed transient neurologic deficit including headaches, dysphagia, and neck pain with 2 weeks following spinal fusion surgery. Charry et al 26 also reported one case of patient who developed lower limb motor weakness at 5 years after spinal fusion, most probably resulted from the untreated syrinx. However, it seems that previous authors claiming increased risk from surgery have failed to differentiate patients with a treated stable syrinx before scoliosis surgery from those with an untreated syrinx. In our series, patients with symptomatic syrinx were all proposed to undergo neurological procedures prior to scoliosis surgery, and there was no case of neurological complication resulted from scoliosis surgery. Therefore, considering potentially increased risk of neurologic deterioration during deformity correction, surgical treatment of syringomyelia-associated scoliosis should always be preceded by a full neurosurgical evaluation and treatment of the neural axis malformation if warranted, which can greatly reduce the incidence of postoperative neurological complications.
Through current study we accumulated several important points on correcting syringomyelia-associated scoliosis with selective thoracic fusion. First, it was critical to estimate the flexibility of the curve before the surgery using lateral bending films. In our study, the mean flexibility of syringomyelia patients was 41.9%, indicating that such patients should have relatively flexible curve. Second, intraoperative cord monitoring during surgery and a wake-up test at completion of instrumentation are useful.
There are two limitations in the study. First, the number of patients was relatively small; however, they represented the largest series to date dealing with this question. In future studies, a larger sample size is warranted to obviate potential selection bias and to acquire a sound conclusion. Another limitation of our study lies in that patients with lumbar modifier C were not enrolled in this study due to insufficient sample size. Whether selection thoracic fusion can be applied to syringomyelia patients with lumbar modifier C still needs further investigation.
CONCLUSION
In conclusion, we successfully performed selective thoracic fusion in patients with syringomyelia-associated scoliosis. With the lumbar mobility well preserved, patients can simultaneously be provided with a promising long-term surgical correction regarding spinal and cosmetic deformity.
Key Points
Two groups of scoliosis patients were enrolled, including 52 patients with syringomyeliaassociated scoliosis and 52 patients with AIS. Selective thoracic fusion was performed for both groups. The coronal correction rate, correction loss, and sagittal spinal alignments during follow-up were comparable between the two groups. Syringomyelia-associated scoliosis can be successfully corrected through selective thoracic fusion surgery with a promising long-term surgical outcome.
